Introduction
============

Metalloenzymes combine the rich reactivity of transition metal ions with highly structured polypeptide chains in order to perform selective transformations.[@cit1] The selectivity of some of these reactions, often unattainable with conventional reagents, makes them very attractive for organic synthesis, and has fueled interest in creating synthetic catalysts that harness the fundamental aspects of the enzymatic reactivity.[@cit2]--[@cit7] A minimalistic approach towards this goal is the use of metallopeptides as catalysts.[@cit8]--[@cit17] Peptides can be considered as low-molecular weight mimics of proteins. They can act as metal ligands and play a role in defining the reactivity of the metal ion, but they are also chemically versatile and can also shape the second coordination sphere of the metal with programmable functional groups capable of engaging in hydrogen bonding, electrostatic, hydrophobic and steric interactions with the substrates. The combination of these elements in turn may translate into distinctive chemo- and regioselective reactions. Furthermore, peptides are chiral and this confers metallopeptides with the potential ability of mediating stereoselective transformations.[@cit8]--[@cit12] Traditional oxidants offer little selectivity in reactions of non-functionalized organic substrates, which remain, collectively, a great challenge in organic chemistry. Novel metallopeptide catalysts, by virtue of these discussed features, can offer effective solutions to this challenge.[@cit11]

Enzymatic oxidations catalyzed by iron oxygenases constitute paradigmatic examples of chemo-, regio- and stereoselective transformations that serve as inspiration for the design of iron oxidation catalysts ([Scheme 1](#sch1){ref-type="fig"}). Along this path, iron coordination complexes bearing nitrogen and oxygen-based ligands reproduce basic structural aspects of the first coordination sphere of the metal in non-heme oxygenases. Some of them have been shown to be capable of activating the O--O bond in peroxides to form metal-based oxidants that perform selective C--H and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C oxidation reactions.[@cit2],[@cit18] Highly enantioselective epoxidations, including those of notoriously difficult substrates have been recently described, but the current substrate scope remains narrow.[@cit19]--[@cit26] A current limitation of this approach is the high sensitivity of the H~2~O~2~ activation reaction to the catalyst structure. Unproductive consumption of H~2~O~2~, often accompanied by the generation of highly reactive radicals, is very commonly observed when modest changes are made in the first coordination sphere of the effective catalysts.[@cit27] The introduction of structural diversity in the second coordination sphere may represent a valuable alternative. In this regard, strategies that implement versatility while avoiding laborious ligand modifications will be particularly valuable. With these considerations in mind, herein we describe highly enantioselective supramolecular oxidation catalysts based on the combination of an iron coordination complex and a peptide. We illustrate the powerful reach of this approach in the highly enantioselective asymmetric epoxidation of 1,1′-alkyl substituted styrenes, a class of substrate that stands as a major problem for the asymmetric epoxidation systems described so far.[@cit28]--[@cit31] Remarkably, high yield, and highly enantioselective epoxidation is accomplished in short reaction times (\<30 min.) under mild experimental conditions using hydrogen peroxide as the oxidant with low catalyst loadings.

![](c7sc00099e-s1){#sch1}

Precedents of this approach for developing selective oxidation catalysts are scarce. The combination of iron salts and peptide libraries with the aim to produce stereoselective epoxidations has been previously investigated by following a combinatorial approach. The optimized catalyst produced *trans*-β-styrene epoxide in up to 78% yield and up to 20% ee.[@cit32] On the other hand, peptides are chemically robust structures that withstand oxidation conditions and indeed they are organocatalysts for the asymmetric epoxidation (AE) of enones *via* a mechanism that involves the generation of basic hydrogen peroxide ([Scheme 2a](#sch2){ref-type="fig"}).[@cit33]--[@cit36] More recently, key to the present work, Miller and co-workers have developed a H~2~O~2~ activating relay in aspartate based peptide catalysts that enables the formation of peptide-based peracids[@cit37]--[@cit40] and dioxiranes,[@cit41] which are mild electrophilic asymmetric epoxidation agents ([Scheme 2b and c](#sch2){ref-type="fig"}). It was envisioned that the incorporation of an iron catalyst in these structures may allow the generation of high-valent iron--oxo intermediates, which are powerful oxidizing species, in a structurally rich and chiral environment that will imbue them with enhanced selectivity properties. Key to this approach are recent reports describing the synergistic cooperation of carboxylic acids and chiral iron catalysts in activating H~2~O~2~ to perform selective C--H and C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C oxidation reactions ([Scheme 2d](#sch2){ref-type="fig"}).[@cit26]

![Peptide-based catalysts for asymmetric epoxidation. (a) Hydroperoxide oxidant through the Juliá-Colonna process.[@cit36] (b) Peracid peptide oxidant for AE.[@cit37] (c) Dioxirane-peptide oxidant for AE.[@cit41] (d) Peptide for AE with an iron catalyst.](c7sc00099e-s2){#sch2}

Results and discussion
======================

Catalyst development
--------------------

Our initial investigation of this approach entailed the epoxidation of α-methylstyrene **S1**, employing (*S*,*S*′)-\[Fe(CF~3~SO~3~)~2~(^Me2N^pdp)\] (**(*S*,*S*′)^Me2N^1Fe**) iron catalyst ([Scheme 2d](#sch2){ref-type="fig"}) and its analogous (*R*,*R*′) enantiomer (2 mol%), a peptide (4 mol%), (details on the preparation, and characterization of the peptides are collected in the ESI[†](#fn1){ref-type="fn"}), and hydrogen peroxide as oxidant (2.3 equiv. added *via* syringe pump during 30 min.) in acetonitrile solution at 0 °C. Iron complex **(*S*,*S*′)^Me2N^1Fe** was chosen because it has been recently shown to be particularly efficient in activating H~2~O~2~ requiring only catalytic amounts of carboxylic acid co-catalysts.[@cit42] The terminal carboxylic acid of the peptide was envisioned to play this role in the current catalytic system. On the other hand, peptides chosen in the initial screening (see ESI[†](#fn1){ref-type="fn"}) include peptides of different lengths, as well as peptides that may be biased toward secondary structures like β-turns.[@cit43],[@cit44] Reactions were analyzed using chiral HPLC to determine conversions and stereoselectivities. The results were collected in the ESI Table S1,[†](#fn1){ref-type="fn"} and results for representative examples of different peptides tested are shown in [Scheme 3](#sch3){ref-type="fig"}.

![(Top) Diagrams of five representative peptides studied. (Bottom) Enantioselectivities produced in the asymmetric epoxidation of α-methylstyrene (**S1**) with **^Me2N^1Fe** and the corresponding peptide. Conditions: 2 mol% of **^Me2N^1Fe**, 2.3 equiv. of H~2~O~2~, and 4 mol% of peptide in acetonitrile at 0 °C for 30 min. Dark blue bars show the results with enantiomer *S*,*S*′ of the catalyst and light blue with enantiomer *R*,*R*′ of the catalyst. ee's determined using HPLC.](c7sc00099e-s3){#sch3}

Reactions finished immediately after peroxide addition and product conversions ranged from 57% to 87%, indicating that the system efficiently catalyzes the activation of H~2~O~2~ and epoxidizes the olefin with good chemoselectivity. Enantiomeric ratios range from a poor 52.5 : 47.5 (5% ee) to a moderate 72.5 : 27.5 (45% ee), indicating that the peptide plays a major role in dictating the enantioselectivity of the reactions (See ESI, Table S1[†](#fn1){ref-type="fn"}). In all cases, for a given peptide, the chirality of the major epoxide enantiomer is dependent on the chirality of the metal complex; the (*S*,*S*′)**^Me2N^1Fe** catalyst produces predominantly *S*-epoxide **(*S*)-P1**, while **(*R*)-P1** is the main enantiomer of (*R*,*R*′)**^Me2N^1Fe** catalyzed reactions. In general, for a given peptide, the enantioselectivity of **P1** obtained when using (*S*,*S*′)**^Me2N^1Fe** and (*R*,*R*′)**^Me2N^1Fe** differs modestly (\<10%) but in specific cases differences in ee of \> 25 percentage units are observed (see peptide **2** in [Scheme 3](#sch3){ref-type="fig"}). Interestingly, a comparative analysis of the results obtained with this series of peptides shows that relatively large and possibly more flexible peptides **1--4** provide worse enantioselectivities (6--38% ee) than the more rigid peptide **5**, which provides up to 45% ee, suggesting that the β-turn structure is key for this improvement.

The data also suggests that the relative position of the carboxylic acid moiety in the peptide also plays an important role in determining the stereoselectivity of the reactions. This is best exemplified by analyzing catalytic epoxidations under standard conditions using peptides **1--5**. Pairs of peptides **1**/**2** and **3**/**4** contain analogous peptide structures but differ in the position of the carboxylic acid moiety. Within each of the two pairs, we observed substantial differences in terms of enantioselectivity ([Scheme 3](#sch3){ref-type="fig"}). These are complex peptides and structure--activity correlations could not be easily deduced. Furthermore, some caution should be taken when making this comparison because this change may also impact on the overall structure and rigidity of the peptide. However, the comparison among the series of peptides suggests that the enantioselectivity of the oxygen atom transfer event depends on the chemical architecture of the region of the peptide in close proximity to the carboxylic acid moiety. The simplest interpretation of this data is that the carboxylic acid moiety acts as a ligand of the iron catalyst, thus resembling the role of simple alkyl carboxylic acids with this kind of iron catalyst.[@cit20a],[@cit42],[@cit45]--[@cit49]

Reasoning that the β-turn is a key structural element for stereoselectivity in the epoxidation reaction with **^Me2N^1Fe**, a set of peptides sharing this basic secondary structure but bearing diverse modifications were studied ([Scheme 4](#sch4){ref-type="fig"}). Interestingly, peptide **7**, which contains a 4-hydroxyproline and is conformationally different than the peptides with the Aib residue (**5**, **6**, **8**, **9** and **10**), showed the best enantioselectivity, which was up to 58% ee when combined with (*S*,*S*′)**^Me2N^1Fe**. The combination of (*R*,*R*′)**^Me2N^1Fe** with **7** resulted in a substantially lower ee (32% ee), indicating an effective translation of the matching/mismatching of the chirality of **7** and **^Me2N^1Fe** in the enantioselectivity of the epoxidation. Also illustrative, we observed low enantioselectivities for peptide (**10**), which lacks the capacity to form a second hydrogen bond. Moreover the ^D^proline group is also important because when it is replaced by ^D^homoproline an erosion of enantioselectivity was observed (peptide **8**). Also the modification of the first or last residue (peptides **6** and **9**) showed worse enantioselectivities in comparison with peptide **5**. In conclusion, this set of reactions led to the identification of **7** as the optimal peptide within the series. Furthermore, enantioselectivity may correlate with the presence of a peptide with a rigid, well-defined secondary structure.

![(Top) Schematic diagrams of six different peptides derived from **5** (blue colored residues indicated sequence changes relative to peptide **5**). (Bottom) Enantioselectivities for the asymmetric epoxidation of α-methylstyrene with these peptides and **^Me2N^1Fe**. Conditions: 2 mol% of **^Me2N^1Fe**, 2.3 equiv. of H~2~O~2~, and 4 mol% of peptide in acetonitrile at 0 °C for 30 min. Dark blue bars show the results with enantiomer *S*,*S*′ of the catalyst and light blue with enantiomer *R*,*R*′ of the catalyst. ee's determined using HPLC.](c7sc00099e-s4){#sch4}

Characterization of the peptide--iron catalyst synergy
------------------------------------------------------

Control experiments were performed in order to provide understanding into the role of the peptide and the iron complex in the H~2~O~2~ activation step ([Table 1](#tab1){ref-type="table"}). Standard reaction conditions employed for comparison involved the use of catalyst **^Me2N^1Fe** (2 mol%), peptide **7** (4 mol%) and H~2~O~2~ (2.3 equiv.) in acetonitrile at 0 °C. Under these conditions, epoxide **(*S*)-P1** is obtained in 81% yield and 58% ee ([Table 1](#tab1){ref-type="table"}, entry 1). Instead, in the absence of **^Me2N^1Fe** no epoxide product was formed ([Table 1](#tab1){ref-type="table"}, entry 2). This rules out the possibility that H~2~O~2~ is activated solely by the peptide, for example by formation of basic peroxide, or *via* generation of an organic peracid. Also the replacement of **^Me2N^1Fe** by Fe(OTf)~2~(CH~3~CN)~2~ under standard reaction conditions did not produce epoxide product ([Table 1](#tab1){ref-type="table"}, entry 3). Most interestingly, the reaction in the absence of peptide **7** only showed epoxide traces ([Table 1](#tab1){ref-type="table"}, entry 4). Therefore, both the peptide and the iron complex **^Me2N^1Fe** are necessary for efficient activation of H~2~O~2~. Enantioselectivity is not affected when equimolar ratios of **^Me2N^1Fe** and peptide **7** are employed, but the use of a 2 : 1 ratio resulted in slightly decreased enantioselectivity (53%). This set of observations strongly suggests that the active catalysts result from the equimolar combination of iron complex and peptide. As expected, the importance of the terminal carboxylic acid moiety of the peptide in the H~2~O~2~ activation was demonstrated, because low yield (12%) and enantioselectivity (21% ee) of epoxide **P1** was observed when a terminal ester group was used in its place ([Table 1](#tab1){ref-type="table"}, entry 5). Furthermore, the observation of matching/mismatching between the stereoisomer of the iron catalyst and peptide **7** with respect to reaction enantioselectivity strongly suggests an inner sphere interaction *via* the binding of the iron center by the peptide carboxylate. Characterization of these complexes is difficult because of their labile nature and because of the paramagnetic nature of the iron species. However, evidence in favor of their formation could be gathered using high resolution mass spectrometry (HRMS) under catalytic conditions. HRMS spectra collected during a catalytic epoxidation under standard conditions using a combination of **(*S*,*S*′)^Me2N^1Fe** and **7** as catalyst show a dominant peak at *m*/*z* = 1200.4962, that could be assigned to {(*S*,*S*′)-\[LFe^III^(**7′**)\](CF~3~SO~3~)}^+^ species (where **7′** = **7**-H^+^ and L = ^MeN^pdp) on the basis of their mass and isotopic pattern distribution. This species can be recognized as analogous to the carboxylate bound {(*S*,*S*′)-\[LFe^III^(OAc)\](CF~3~SO~3~)}^+^ species, previously observed as the resting state in catalytic reactions with acetic acid.[@cit50] These species react with H~2~O~2~ producing the putative Fe^V^0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O species finally responsible for the oxygen atom transfer to the olefin.[@cit42] Therefore, despite the fact that conclusive experimental evidence for carboxylate binding could not be obtained, the sum of the experimental observations led us to conclude that the catalytic activity should be attributed to {(*S*,*S*′)-\[LFe^III^(**7′**)\](CF~3~SO~3~)}^2+^, in which the carboxylate moiety of the peptide presumably acts as a ligand. Therefore, we propose that this catalytic system reproduces key structural features of a number of non-heme iron dependent oxygenases; it contains a first coordination sphere that combines heterocyclic amines, carboxylate anions and labile sites, and the carboxylate group connects the metal center to an amino acid chain that participates in defining its second coordination sphere.[@cit51] The synergistic interplay of these elements is necessary to enable the efficient activation of H~2~O~2~ and the highly chemo- and enantioselective oxygen atom transfer.

###### Epoxidation of α-methylstyrene in different conditions[^*a*^](#tab1fna){ref-type="fn"}

  Entry                                     Iron source (2 mol%)      Pept. **7** (mol%)   H~2~O~2~ (eq.)   Conv. (yield) (%)   ee (%)
  ----------------------------------------- ------------------------- -------------------- ---------------- ------------------- ------------------------------------------
  1                                         **(*S*,*S*′)^Me2N^1Fe**   4                    2.3              92(81)              58
  2                                         ---                       4                    2.3              ---(---)            ---
  3                                         Fe(OTf)~2~(CH~3~CN)~2~    4                    2.3              ---(---)            ---
  4                                         **(*S*,*S*′)^Me2N^1Fe**   ---                  2.3              Traces              NA[^*b*^](#tab1fnb){ref-type="table-fn"}
  5[^*c*^](#tab1fnc){ref-type="table-fn"}   **(*S*,*S*′)^Me2N^1Fe**   4                    2.3              23(12)              21

^*a*^Conditions: 2 mol% of iron source, 2.3 equiv. of H~2~O~2~, and 4% mol of peptide in acetonitrile at 0 °C for 30 min.

^*b*^Not available.

^*c*^The peptide contains a terminal ester instead of carboxylic acid (peptide **7-MeO**, see ESI for peptide structure), also 5% yield of acetophenone was observed. Substrate conversion, yields and ee's determined using HPLC.

The combination of **(*S*,*S*′)^Me2N^1Fe** or **(*R*,*R*′)^Me2N^1Fe** with the peptide will form different diastereoisomers, which *a priori* may exhibit different reactivities with H~2~O~2~, which in the current reaction is the rate determining step. Should this be the case, one of the diastereomers will dominate the outcome, resulting in non-linear effects on the overall enantioselectivity. In order to investigate this possibility, a study of the enantiomeric purity of the iron catalyst **^Me2N^1Fe** as a function of enantioselectivity in the epoxidation of **S4** was performed. When the reaction was performed with a racemic mixture of **^Me2N^1Fe** and peptide **7**, the epoxide was obtained with only 10% ee (see ESI[†](#fn1){ref-type="fn"} for details), and a good linear correlation between the ee of the iron catalysts and the epoxide was observed (see ESI Fig. SI. 2[†](#fn1){ref-type="fn"}) discarding the presence of non-linear effects. This analysis indicates that the activation of H~2~O~2~ by **(*S*,*S*′)^Me2N^1Fe** and **7**, or **(*R*,*R*′)^Me2N^1Fe** and **7** occurs at indistinguishable rates, but the stereoselectivity of the oxygen atom transfer event is different.

Substrate scope
---------------

With the optimal peptide in hand, the asymmetric epoxidation of different α-methylstyrene derivatives was studied. Reactions were performed at --30 °C, in order to obtain improved enantioselectivities ([Table 2](#tab2){ref-type="table"}). For *meta*-, *para*- and non-substituted derivatives (**S1--S3**), the enantioselectivities obtained were moderate, from 64% to 68% ([Table 2](#tab2){ref-type="table"}, entry 1--3). But in the case of the *ortho*-methyl substituted styrene derivative (**S4**) the enantioselectivity increased up to 92% ([Table 2](#tab2){ref-type="table"}, entry 4). The ability of peptide **7** is exclusive in order to provide high enantioselectivity in the epoxidation of *ortho*-susbtituted α-methylstyrene substrates. This is best illustrated when reactions were performed using carboxylic acid co-ligands previously described in asymmetric iron catalyzed oxidations; these included acetic acid, 2-ethylhexanoic acid, *S*-ibuprofen and Npha-Ileu-OH (see [Fig. 1](#fig1){ref-type="fig"}). The last three acids were identified in previous works as the best partners for **^Me2N^1Fe** in the asymmetric epoxidation of a wide range of substrates, including α-methylstyrene substrates.[@cit42],[@cit45] In all cases, the ee's were substantially lower than those obtained with peptide **7** in the AE of **S4**. For example the best result at 0 °C was obtained with *S*-ibuprofen and **(*S*,*S*′)^Me2N^1Fe**, providing the corresponding epoxide with 68% ee that improved up to 78% ee at --30 °C. Under analogous conditions (0 °C), peptide **7** combined with **(*S*,*S*′)^Me2N^1Fe** provided a remarkable 81% ee, which improved up to 92% ee at --30 °C. The electron rich catalyst **(*S*,*S*′)^Me2N^1Fe** appears to be crucial in terms of yield and enantioselectivity; when (*S*,*S*′) and (*R*,*R*′)-\[Fe(CF~3~SO~3~)~2~(pdp)\] were employed instead of **(*S*,*S*′)^Me2N^1Fe**, the epoxidation of **S4** proceeds with low yields and enantioselectivities (7% yield (31% ee) and 16% yield (9% ee), respectively).

###### Asymmetric epoxidation of different α-methylstyrene derivatives with **(*S*,*S*′)^Me2N^1Fe**, H~2~O~2~ and peptide **7**[^*a*^](#tab2fna){ref-type="fn"}

  ![](c7sc00099e-u1.jpg){#ugr1}                                                                              
  ------------------------------- ------------------------------- ------------------------------------------ ----
  1                               ![](c7sc00099e-u2.jpg){#ugr2}   94(80)                                     66
  2                               ![](c7sc00099e-u3.jpg){#ugr3}   99(81)                                     64
  3                               ![](c7sc00099e-u4.jpg){#ugr4}   75[^*b*^](#tab2fnb){ref-type="table-fn"}   68
  4                               ![](c7sc00099e-u5.jpg){#ugr5}   80[^*b*^](#tab2fnb){ref-type="table-fn"}   92

^*a*^Unless stated, reaction conditions are 2 mol% of **(*S*,*S*′)^Me2N^1Fe**, H~2~O~2~ (2.3 equiv.) and peptide **7** (4 mol%) in CH~3~CN at --30 °C for 30 min.

^*b*^Isolated yields. ee's determined using chiral GC and HPLC.

![Structures of different carboxylic acids and the enantioselectivities obtained with both enantiomers of **^Me2N^1Fe** in the catalytic epoxidation of **S4**. Conditions: 2 mol% of catalyst, 2.3 equiv. of H~2~O~2~, and 4% mol of peptide in acetonitrile at 0 °C and --30 °C for 30 min.](c7sc00099e-f1){#fig1}

A series of *ortho*-substituted α-methylstyrene derivatives were tested in the asymmetric epoxidation reaction ([Table 3](#tab3){ref-type="table"}). We observed good tolerance of the system to the introduction of different halogen groups (Cl, F and Br) in the *ortho* position, showing in all cases good to excellent yields and enantioselectivities, up to 82% and 90%, respectively ([Table 3](#tab3){ref-type="table"}, entries 1--3). In the case of the nitro derivative **S10**, with a NO~2~ group in the *meta*-position, excellent yield and very good enantioselectivity, 99% yield and 86% ee (entry 6) were obtained. Finally, this methodology showed excellent enantioselectivities for *cis*-aromatic olefins (**S11** and **S12**), which to the best of our knowledge are the best reported so far with iron catalysts, up to 91% ee (entry 7 and 8).

###### Substrate scope of *ortho*-substituted α-1,1-disubstituted styrene derivatives in the asymmetric epoxidation reaction with **(*S*,*S*′)^Me2N^1Fe** as catalyst and peptide **7**[^*a*^](#tab3fna){ref-type="fn"}

  ![](c7sc00099e-u6.jpg){#ugr6}                                                                                     
  ------------------------------- --------------------------------- ----------------------------------------------- ----
  1                               ![](c7sc00099e-u7.jpg){#ugr7}     79(61)[^*b*^](#tab3fnb){ref-type="table-fn"}    86
  2                               ![](c7sc00099e-u8.jpg){#ugr8}     82                                              84
  3                               ![](c7sc00099e-u9.jpg){#ugr9}     67                                              90
  4                               ![](c7sc00099e-u10.jpg){#ugr10}   88                                              90
  5                               ![](c7sc00099e-u11.jpg){#ugr11}   66                                              90
  6                               ![](c7sc00099e-u12.jpg){#ugr12}   99                                              86
  7                               ![](c7sc00099e-u13.jpg){#ugr13}   100(84)[^*b*^](#tab3fnb){ref-type="table-fn"}   90
  8                               ![](c7sc00099e-u14.jpg){#ugr14}   70                                              91

^*a*^Unless stated, reaction conditions are 2 mol%, **(*S*,*S*′)^Me2N^1Fe**, peptide (4 mol%), and H~2~O~2~ (2.3 equiv.) in CH~3~CN at --30 °C for 30 min.

^*b*^Substrate conversion and epoxide yields (in parenthesis) determined using GC. ee's determined using chiral GC and HPLC.

These results must be placed into context. α-Alkyl substituted styrenes are recognized as particularly challenging substrates for asymmetric catalysis.[@cit52] Furthermore, for the specific case of *ortho*-substituted α-methylstyrene derivatives there are no epoxidation systems in the literature describing high stereoselectivities, and enantioenriched products could only be obtained *via* the hydrolytic kinetic resolution of *ortho*-substituted styrene epoxide derivatives.[@cit53] Therefore, the current catalysts can be regarded as a promising platform for the identification of peptides to improve the enantioselectivity of Fe catalysts.

Conclusions
===========

This work describes a supramolecular system based on the combination of a chiral iron coordination complex and a peptide with a β-turn design that activates H~2~O~2~ and performs high enantioselective epoxidation of α-alkyl-substituted and *cis*-substituted styrene derivatives. Reactions are performed in short reaction times, employing aqueous hydrogen peroxide as oxidant, and ee's are remarkably high for substrates that are recognized as particularly difficult, and which lack satisfactory alternatives. The carboxylic acid moiety of the peptide is shown to help the iron center in the activation of the H~2~O~2~ while the rigid well-defined 3D architecture of the peptide appears to be crucial for eliciting high enantioselectivities. This combination of an iron center ligated to N and O based ligands, and a peptide scaffold that contributes to shaping the second coordination sphere may be seen as a bottom up approach towards the design of artificial peroxigenases. Furthermore, this approach is envisioned to have a powerful reach. Multiple catalytic systems could be envisioned, based on the chemical versatility of peptides, without the need to manipulate the iron catalyst. The current system appears to rely on the structural architecture of the peptide and operates on non-functionalized olefins. The rich functional group versatility of the peptides may serve to introduce residues with additional properties such as charge, H-bonding, and hydrophobic interactions, among others. These interactions are presently employed in highly enantioselective organocatalysis, and may boost the substrate scope and overall performance of the current catalytic system.
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